The coalescence between 135-Ag and 16-Pd clusters was studied through constant temperature molecular dynamic (MD) simulations at 300 K. Initially, the surface energy reduction was dominant. Later, some of the Pd atoms at the surface penetrated into the cluster and induced a further energy decrease. Surface atoms were rearranged to a local five-folded icosahedron structure (Ihp). Pd atoms gradually penetrated the cluster but did not segregate into the cluster core. As a result, a core-shell cluster structure was not observed, which could be explained by the strong mixing nature between Ag and Pd atoms and low kinetic energy.
Introduction
Bimetallic clusters composed of two different metal elements have recently attracted considerable attention, because their catalytic properties can be tuned with composition or surface atomic distribution. [1] [2] [3] Previous studies of bimetallic clusters such as Ag-Pd, Au-Pd, and Ag-Cu systems revealed that the different atomic size and surface energy between the two metal components cause preferential surface segregation of the component having relatively large size and low surface energy. [3] [4] [5] [6] In general, the other element segregates into the cluster core, forming an overall coreshell cluster structure. [4] [5] [6] In spite of recent remarkable development in chemical synthesis methods [7] [8] [9] [10] [11] [12] and the technical importance of bimetallic clusters, there have been few studies on the formation mechanism and structure of bimetallic clusters. Current computational research has been mainly oriented to the physical properties of single component metal clusters 13) or surface segregation and reaction of bimetallic surfaces. [1] [2] [3] 14) The most notable computational study on the bimetallic cluster is the molecular simulation work of the Ferrando group. [4] [5] [6] They have studied the overall structures of some bimetallic core-shell clusters using a genetic algorithm and a many-body potential. [4] [5] [6] They produced a core-shell bimetallic cluster structure by colliding metal atoms with relative large atomic radii and low surface energy one by one into a large metal cluster composed of single metal elements with small atomic radii and high surface energy. [4] [5] [6] Even though the genetic algorithm is suitable for producing the final global minimum cluster morphology, at present, the solid solution type nanoparticle alloys appearing in the experimental synthesis of bimetallic clusters cannot be explained. 11, 12) In this work, we study coalescence at 300 K between an Ag cluster composed of 135 atoms and a Pd cluster of 16 atoms using a molecular dynamic (MD) simulation method in order to investigate the structural evolution and the related energy change of the Ag-Pd bimetallic cluster. Because Ag atoms are known to have a strong tendency to segregate to the cluster surface, [10] [11] [12] we set the Pd/Ag atomic ratio at 1/9 to analyze the relationship between energy and cluster structure regarding the formation of a core-shell or a solid solution type.
Computational Details

Quantum sutton-chen potential
All MD simulations were performed using a quantum Sutton-Chen (Q-SC) potential. 15, 16) Based on the SuttonChen (SC) type potential, 17) the total energy of the system can be predicted as follows:
where r ij is the distance between atoms i and j, c is a dimensionless parameter scaling the attractive terms, and " sets the overall energy scale. Here, Vðr ij Þ is a pair potential to account for the repulsive force between atoms i and j resulting from Pauli repulsion between the core electrons:
The contribution of the local electron density associated with an atom i is given by
Here, is a functional that specifies how the electron density of an atom depends on the distances from the neighboring atoms and a is a length parameter scaling all spacings (leading to dimensionless V and ). The Q-SC potential, an advanced form of the SC potential proposed by the Goddard group, 15) has the same form as the SC potential. 17) It includes quantum corrections and takes into account the zero-point energy (quantum) effect, thus allowing better prediction of temperature dependent properties. 15, 16, 18) As such, it can be successfully applied to predict properties involving surface energies, vacancy energies, and stacking-fault energies, which cannot be precisely predicted with the SC potential. 16, 18, 19) The Q-SC potential parameters used for this study are listed in Table 1 . The parameter values have been optimized by fitting to density, cohesive energy, and phonon frequencies. [18] [19] [20] We employed combination rules to predict inter-atomic potentials between different metal elements. The geometric mean was used to obtain the energy scaling parameter, ", and an arithmetic mean was used for n, m, and a.
MD simulation details
Classical MD simulations were carried out under a NVT ensemble. A constant temperature Nose-Hoover thermostat 21) with a Nose-Hoover coupling constant Q ¼ 0:1 was used. The temperature was set to 300 K to minimize the effect of temperature and precisely identify the structure changing mechanism. To solve the Newton's dynamic equation, we applied a leap-frog Verlet algorithm. 22) The time step for all simulations was set to 0.0002 ps.
Initially, the Ag cluster was composed of 135 atoms and the Pd cluster 16 atoms (the atomic fraction of Pd equal to 0.109), which corresponds to a fcc structure. Later, they were independently equilibrated at 300 K for 200 ps followed by a production time of 500 ps for structure relaxation.
In order to create the necessary physical collision conditions, the structure-relaxed Ag and Pd clusters were placed in the center of a large simulation box (50 nm Â 50 nm Â 50 nm) at a distance of 0.35 nm from each other. MD simulations of collisions were carried out for 1000 ps (five million time steps). The effect of the cluster surface orientation was neglected. The total energy vs. simulation time diagram was analyzed in conjunction with the cluster structure and various structure factors listed in Table 2 . Structure factors such as total number of inter atomic bonds (Pd-Pd and Ag-Pd), aspect ratio of collided clusters, number of Pd atoms beneath the surface layer, and number of Pd atoms contacting Ag atoms were considered in this study. In addition, the molar Gibbs free energy diagram of the Ag-Pd bulk alloy system was calculated using a Thermo-Calc program 23) with the general alloy solution database V4.8 24) and was applied to explain the Ag-Pd mixing.
Results and Discussion
3.1 Total energy decreasing mechanism and cluster surface morphology Figure 1 shows a diagram plotting the variation of total energy with simulation time. The total energy readily converged during an early simulation stage (before 150 ps). Because it is important to find the exact energy decreasing mechanism that accompanies the cluster structure change after collision, the energy values were plotted only up to 200 ps. Numerical energy values and relevant structure factors corresponding to the selected simulation time are presented in Table 2 . The total energy diagram can be divided into the following three sections according to structure changes in relation to the energy decreasing mechanism.
Initial stage (until 18 ps)
In this early stage, the total energy decreased rapidly (about 80% of the decreased energy) and 40% of the energy decrease took place before 1.5 ps, as shown in Fig. 1 and Table 2 . The total number of Pd-Pd bonds and the aspect ratio gradually decreased. On the contrary, the total number of Ag-Pd bonds rapidly increased (see Fig. 1 ). Both the number of Pd atoms in contact with Ag and penetrated Pd atoms increased. Notably, most structure factors in Table 2 decreased or increased monotonically until 18 ps except for the total number of penetrated Pd atoms, which started to increase remarkably after 7.5 ps, and the number of Pd-Pd bonds, which was stagnant between 1.5 ps and 7.5 ps.
Figures 2(a) to 2(c) show that there is no remarkable change in the surface or overall structure of the Ag cluster until 1.5 ps. Immediately after collision, nine Pd atoms contacted surface Ag atoms at 1.5 ps. Only one Pd atom penetrated the surface layer. Therefore, the total number of Pd-Pd bonds decreased to about half that before collision and the number of Ag-Pd bonds increased rapidly (see Table 2 ). Because there was little change in the morphology of the Ag cluster, the energy change must have been induced by the decreased surface energy resulting from the reduced surface area of both clusters. This indicates that a strong driving force that decreases the surface energy and reduces the total number of low coordinated surface atoms is dominant during an early stage of coalescence between Ag and Pd clusters. Table 2 shows that from 1.5 ps to 7.5 ps, there was no significant change in the number of Pd-Pd bonds. However, the number of Ag-Pd bonds increased continuously because the Pd cluster fanned out and all the Pd atoms established bonds with the surface Ag atoms (see Fig. 2(d) ). At 7.5 ps, two or three Ag atoms, colored white in Fig. 2(d) , started to climb up the surface Pd atoms, making additional Ag-Pd bonds. This suggests that the surface arrangement of a large Ag cluster undergoes a change after 7.5 ps. As noted in previous studies dealing with the formation of a core-shell structure in a bimetallic cluster system with a global minimization method, 5, 6) this can occur spontaneously due to the relatively low surface energy of Ag.
After 7.5 ps, the Pd atoms in contact with Ag started to penetrate the cluster. As shown in Fig. 3 , the penetrated Pd atoms induced rearrangement of the surrounding Ag atoms at the surface. Table 3 shows that the penetrated Pd atoms moved closer to the cluster center by an average of 0.3 nm between 7.5 ps and 18 ps. The main energy reduction resulted from the increase in Ag-Pd bonds by penetration of Pd atoms due to the surface energy difference between Ag and Pd atoms.
According to a previous study on coalescence between two 565-Pb clusters, 25) the aspect ratio rapidly decreased down to one during coalescence. However, in this work, the aspect ratio was still larger than one even after 18 ps. The large aspect ratio results from Ag atoms that climbed over the surface or squeezed Ag atoms induced by Pd penetration (see Fig. 2(d) ).
Stationary stage (from 18 ps to 38 ps)
According to Table 2 , only the number of Ag-Pd and PdPd bonds increased slightly during this stage while other structure factors remained more or less the same. However, there was a remarkable change in surface arrangement. Between 7.5 ps and 18 ps, penetrating Pd atoms induced disordering of surrounding surface Ag atoms. From 18 ps, disordered Ag atoms started to form a local Ihp structure around the surface Pd atoms (see Ag atoms colored white in Fig. 4 ). The Ihp structure mainly consisted of Ag atoms, with Pd atoms sometimes involved. As shown in Table 3 , the number of atoms that belong to local Ihp increased in this stage. The stationary stage implies that there is no remarkable change in the structure factors, the relative location of Pd atoms, and the total energy. The average distance of Pd atoms from the cluster center did not change, as seen in Table 3 . The little change in energy is explained as follows. There was no Pd penetration, which resulted in Ag disordering at the surface and the number of Ag atoms that contributed to formation of Ihp increased. Thus, the formation of the Ihp structure itself is expected to decrease the total energy of the system, 26) but instead it is compensated by extra energy incurred during surface diffusion of Ag atoms.
Final stage (from 38 ps to 200 ps)
The total energy decreased again in this stage. Pd atoms started again to penetrate into the interior of the cluster after 38 ps (Table 3 ) and the total number of atoms forming the Ihp increased substantially after 50 ps (Table 3) . At 50 ps, the Ihp also formed at the opposite side of the cluster. Interestingly, throughout the stationary and final stages, all the Ihp structures formed just above the penetrated Pd atoms (see the embedded Pd atom beneath the Ihp in Fig. 5 ). This again proves that a strong relationship exists between surface disordering caused by Pd penetration and Ihp formation. Nam et al. 26) reported that the formation of an icosahedral structure in the Au cluster is induced by surface atoms. Further, the energy barrier for formation of Ihp is lower than that of the close packed surface arrangement. 27) In this study, the Ihp phase also started to form at the cluster surface. The morphology of the cluster became closer to a sphere (aspect ratio = 1.02). Still, the penetrated Pd atoms moved more deeply inside the cluster. Figure 5 shows that some of the atoms of the Ihp structure form (111) planes.
A time step of about 150 ps was needed to stabilize the overall cluster structure after collision. However, approximately 80% of the total energy reduction was concentrated in the initial stage. An additional energy reduction is followed by penetration of Pd atoms and formation of Ihp in coalescence between Ad and Pd clusters. Even after 1000 ps of the MD simulation, the structure of the bimetallic Ag-Pd cluster was far from an exact core-shell type.
Overall cluster structure
In this work, the core-shell structure, which was reported to have been achieved by simulations using a genetic algorithm, [4] [5] [6] was not attained at 200 ps ( Fig. 5 ) nor even after 1000 ps (five million time step). Although the Pd atoms preferred the inside of the cluster to the cluster surface, the penetrated Pd atoms did not come together into the cluster center to form a typical bimetallic core-shell structure. They instead appeared to make a solid solution with Ag atoms. One of the reasons for this behavior will be the low temperature of simulation. The room temperature was not so high to supply sufficient energy for the Pd atoms to penetrate into the cluster interior. Therefore, a higher temperature study is under way now.
Another possibility is as follows. It is well known that the Ag-Pd alloy forms a complete solid solution at room temperature, 28) and the Ferrando group 6) reported that the degree of core-shell formation in the bimetallic cluster may be related with the mixing nature of the bulk alloy. 6) Lee et al. 29) reported that the binary nano phase diagram is shifted downward in terms of temperature because of the melting temperature drop in the nano system. However, the overall shape of the phase diagram did not change. Liang et al. 30) also reported that there is no change in the phase diagram shape of a complete solid solution system even when the system size is reduced to the nano scale. The phase diagram is only shifted rather than taking on a completely different form. 30) Thus, in order to analyze the Ag-Pd intermixing nature of the nano sized system observed in this study, the Gibbs free energy of the Ag-Pd bulk alloy system was calculated using the Thermo-Calc program. 23) As shown in Fig. 6 , the molar Gibbs free energy of mixing has a negative value at 0.109 atomic fraction of Pd, which corresponds to the exact composition of this study. This implies that not only the AgPd bulk alloy but also the nano-sized Ag-Pd system shows a strong tendency of intermixing between Ag and Pd. This verifies that Pd atoms prefer to make a solid solution with Ag rather than to segregate into the cluster center and thereby form a core-shell structure.
Six Pd atoms remained at the cluster surface even after 1000 ps of simulation time. Because this work was performed at low temperature in order to investigate the exact energy- structure relationship, Ag and Pd atoms were not supplied with sufficient thermal energy. This might have prevented individual atoms to move more dynamically and overcome the potential barrier for further movement. The exact temperature-dependent nature of the cluster structure and the surface distribution of atoms requires further study.
Summary
The energy decreasing mechanism during coalescence of Ag and Pd clusters was investigated through constant temperature MD simulations at 300 K. Initially, the energy decrease was mainly caused by surface energy reduction. The increased total number of Ag-Pd bonds and the decreased number of Pd-Pd bonds reflect that a smaller Pd cluster was dismantled and Pd atoms came into contact with surface Ag atoms, thereby reducing the total number of low coordinated surface atoms. Afterwards, some of the surface Pd atoms started to penetrate into the cluster, causing an additional energy decrease due to the difference in surface energy of Ag and Pd. Approximately 80% of the total energy reduction was concentrated in the initial energy decrease stage.
In the stationary stage, the surface atoms were rearranged to a local five-folded Ihp structure, which resulted from surface atomic disordering caused by penetrated Pd atoms. The formation of the Ihp structure decreased the total energy of the system but was compensated by extra energy incurred during surface diffusion of Ag atoms. Throughout the stationary and final stages, all the Ihp structures formed just above the penetrated Pd atoms, which were embedded beneath the Ihp.
The Pd atoms preferred the inside of the cluster to the cluster surface but the penetrated Pd atoms did not come together into the cluster center to form the typical bimetallic core-shell structure. They instead appeared to make a solid solution with Ag atoms. Even the nano-sized Ag-Pd system showed a strong tendency of intermixing between Ag and Pd at room temperature.
